We have demonstrated high-resolution shear-mode magnetic force microscopy (MFM) using a quartz tuning fork in ambient conditions. A commercial magnetic cantilever tip was attached to one prong of the tuning fork to realize shear-mode MFM operation. We have obtained MFM images with a spatial resolution of less than 100 nm and demonstrated a frequency resolution of ∼1 mHz, values which are achieved by phase shift detection methods.
Introduction
Magnetic force microscopy (MFM) signals are so feeble that the sensitivity of the probe is one of the most important factors to be considered. When MFM was first introduced [1, 2] microfabricated cantilevers were the most popular sensors for detecting these small signals. The small spring constants k (0.1-10 N m −1 ) of these cantilevers result in a high force sensitivity (∼pN), which is comparable to the magnetic force between the magnetic tip and the sample. In addition to the need for delicate optical alignment, however, the cantilever has a few disadvantages: (i) an unexpected crash can occur during scanning due to its low stiffness and subsequent jump-tocontact and (ii) laser light for the optical detection of oscillation or deflection of the cantilever is undesirable for photosensitive samples.
To overcome the disadvantages associated with the use of conventional cantilevers in MFMs, Dicarlo et al [3] fabricated a cantilever with an ultrasmall spring constant (∼10 −3 N m −1 ) and vibrated it horizontally like a pendulum. In spite of its advantage of high sensitivity, however, difficulties in manufacturing the vertical cantilever have limited its widespread practical use. Recently, Rugar et al [4] used a cantilever with an even smaller spring constant (∼10 −4 N m −1 ) 1 Author to whom any correspondence should be addressed.
in their magnetic resonance force microscope and succeeded in imaging the spin of a single electron under ultra high vacuum and low-temperature conditions with a special protocol (iOSCAR). One disadvantage of these pendulum-like cantilevers with large vibrating amplitudes is that it is hard to obtain topographic images. But even in ambient conditions or liquid conditions such as biological applications, scanning with high force sensitivity is demanded. Despite cantilevers with small spring constants having such good sensitivities, it is very hard to operate them in ambient conditions because they are susceptible to thermal fluctuation or external mechanical and acoustic vibration even at a very large oscillation amplitude. However, quartz tuning forks have a larger quality factor (Q) and are stiffer than conventional cantilevers. Also, the minimum detectable force gradient and thermal fluctuation of a force sensor is proportional to √ k/Q f [5] and √ 1/k, 2 respectively. Therefore quartz tuning forks have a much smaller thermal fluctuation amplitude and are less susceptible to environmental disturbances than conventional cantilevers.
In this paper, we demonstrate magnetic force microscopy in ambient conditions using a quartz tuning fork in both tapping and shear mode. Also we discuss the advantages and disadvantages of these modes of operation. 2 Using the equipartition theorem, 
Experimental setup
We have used a tuning fork having a resonance frequency f of 33 kHz and a quality factor Q of 3000 in air, as a force sensor (figure 1). The length (L), thickness (T ) and width (W ) of the tuning fork used are 2.36, 0.23 and 1.14 mm, respectively. Therefore its calculated spring constant is 2600 N m −1 from equation (1) [6] (Young's modulus for the quartz is E = 7.87 × 10 10 N m −2 )
A commercial magnetic cantilever tip 3 was glued to one prong of the tuning fork and that prong oscillates in shear mode as shown in figure 1. It was attached to the end of the side surface (defined by L and W in figure 1 ) of the tuning fork prong for tapping-mode operation. The mass of the cantilever tip was so small that the reduction in the quality factor as well as the resonance-frequency shift of the fork were very small (both changes were less than 1%).
We have obtained the optimized signal-to-noise ratio by using a home-built phase shift detector (figure 2(a)), consisting of commercial phase-locked loop (PLL) integrated circuits 4 and a simple RC low-pass filter. The phase comparator in the PLL chip detects the phase difference between two input signals (one is the driving signal and the other is the induced signal on the tuning fork) and generates an output voltage proportional to this phase difference. To reduce the voltage ripple in the resulting signal, a simple RC low-pass filter was employed (R = 1 k and C = 1 µF). After being filtered by this low-pass filter the time constant τ is 1 ms and thus the bandwidth B is 1 kHz, the phase difference (0-180
• ) was converted to a voltage signal (0-5 V) and then additionally amplified by a factor of 100 in order to clearly detect the small magnetic force-gradient. estimated the frequency resolution of our phase detector to be of the order of 1 mHz (0.01
With a voltage offset control in the pizeotube scanner controller (offset controller in figure 2 ), we could change the expansion (i.e. the height) of the scanner manually and thus modulate the tip-sample distance during the scan. Instead of using the lift mode [7] , we used the constant-height mode. The lift height is manually adjusted during the first scan and is maintained at a fixed value during the second scan on the same line trace. The amount of lift height was chosen in order to guarantee no tip-sample contact during constant-height mode scan. Even a very small decrease in the lift height seriously degraded the contrast of the MFM image because the force gradient due to short-range forces, such as the van der Waals force, are an order of magnitude greater than the magnetic force gradient itself.
To estimate the oscillation amplitude of the tuning fork, we used the following equation for the qPlus sensor [8] and L e = 1.14 mm. Therefore the resulting sensitivity is 1.13 mV nm −1 . The only difference is that the sensitivity of our tuning fork is twice that of the qPlus sensor because both prongs of the fork vibrate simultaneously. When a driving voltage of 25 mV is applied to the tuning fork, the output signal of the current-to-voltage converter (I / V ) is 62 mV at the resonance frequency, and thus the corresponding oscillation amplitude is estimated to be 55 nm.
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Results with commercial magnetic tips
Since dynamic MFM data represent the spatial secondderivative of the stray field or the force gradient, the frequency shift ( f ) in MFM corresponds to the magnetic force gradient
where f is the resonance frequency (33 kHz), k is the spring constant of the tuning fork (2600 N m −1 ) and F is the magnetic force between the tip and the sample. Also, the minimum detectable force gradient [9] is estimated to be 1.85 × 10 −4 N m −1 and the resultant minimum detectable frequency shift from equation (3) is about 1.4 mHz. Compared with the experimental results obtained using a quartz tuning fork with state-of-the-art PLL electronics at a low temperature (4.2 K) (2 × 10 −4 N m −1 for an oscillation amplitude of 10 nm) [10] , our system showed a comparable signal-to-noise ratio in ambient conditions.
Figures 3(a) and (b) show topographical images obtained in the tapping and shear mode, respectively. The abrupt change in the shear-mode image was attributed to an instability such as signal drift or tip contamination. Figures 3(c) -(e) show the characteristic of shear-mode images, obtained by a vertically magnetized tip using a permanent magnet. If the tip oscillates along the bit lines of a commercial hard disk as in (c), it cannot sense the force gradient and thus the image shows no meaningful structure. On the other hand, if the tip vibrates across the bit lines, it experiences the largest force gradient and thus the image shows the highest contrast as in (e). In figure 3 (f), dark and sharp lines were observed at the centre of the bit lines. This may be associated with the weighted combination of shear and tapping components contributions of the slightly tilted magnetization of the tip or the tip itself with respect to the magnetic sample surface [11] . But a more thorough and quantitative analysis is necessary. The small lift height (a few tens of nanometres) could also be one of the reasons for observation of this feature. Figure 3(g) shows the averaged line profile. From this line profile, the FWHM of the feature indicated by an arrow in the image is about 100 nm. Additionally, the optimum signal-to-noise ratio was obtained at a driving voltage of about 25 mV in this experiment (oscillation amplitude of 55 nm).
It is interesting to note that we could not obtain any magnetic image contrast in tapping-mode operation. This was because as the tip approached the sample the noise became too large to obtain any contrast in the magnetic force gradient. In tapping mode, due to the short tip length (10-20 µm) the distance between the side of the tuning fork body and the sample surface is very small, and consequently this distance modulation due to the vertical oscillation of the tip may induce undesirable electrical noise. On the contrary, shear-mode operation is less sensitive to the electrical noise because (i) the area of the tuning fork electrode approaching the sample is much smaller than that in tapping mode, (ii) that region of the tuning fork has no electrodes and (iii) the tip vibrates parallel to the equipotential surface. As a result, we could obtain a magnetic image with discernable contrast with a non-grounded tip in shear mode. 
Result with etched Co tips
To make sure that the electrostatic forces are the primary origin of the contrast degradation of MFM images obtained in tapping mode, we show related experimental results in figure 4. Here we attached an etched Co wire to the tuning fork and used it as a tip for both shear-and tapping-mode operation. And in this case we have succeeded in getting magnetic images with discernible bit lines in both cases. The length of the Co tip (∼70 µm) was much longer than that of the commercial tip (a few micrometres). Therefore the distance between the side electrodes of the turning fork and the sample surface is much larger. Moreover, we used another hard disk sample with a stronger magnetic field (a lower density of bits). By comparing magnetic force gradient images obtained in both shear mode ( figure 4(a) ) and tapping mode ( figure 4(b) ), we found that a much better signal-to-noise ratio could be achieved in shear-mode operation.
Conclusions
We have demonstrated shear-mode MFM using a quartz tuning fork in ambient conditions. By comparing experimental results obtained in tapping and shear mode we observed that shearmode operation gave a much higher signal-to-noise ratio. In addition, by designing a simple phase shift detection circuit, we achieved a frequency resolution of ∼1 mHz and a phase shift resolution of 0.01
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• , and obtained MFM images with a spatial resolution of less than 100 nm after careful calibration.
